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I. INTRODUCTION
There has been significant interest in the fabrication of organic electronic structures using cold welding techniques. [1] [2] [3] [4] [5] [6] Cold welding or cold pressure welding has been described as a process by which clean surfaces are brought together to achieve intimate contact, and thereby form strong bonds at the resulting interfaces. 7 It has attracted widespread attention due to its potential for low-cost fabrication of organic electronic devices. 8 The initial step in cold welding involves bringing together the surfaces of two different thin film materials at room temperature. 9 In most cases, the contact occurs around dust particles that are present in the clean room environment 10 These include materials such as silicone, silicon, silica and organic materials. The contacts are enhanced by the application of pressure, 3, [11] [12] [13] [14] [15] which is often applied through compliant materials such as poly-di-methyl-siloxane (PDMS). Such compliant layers improve the contacts between the cold welded layers. However, increasing pressure can lead to excessive sink-in of dust particles 15 and the damage of the organic electronic device. 16 There is, therefore, a need to control the pressure that is applied during the cold welding of organic electronic structures. Similarly, the transfer of one metal film to the other (that occurs during cold welding) requires careful control of the interfacial fracture processes that can occur in any of the interfaces with the organic electronic structures. Also, depending on the interfacial and layer fracture energies, fracture may occur by interfacial or layer fracture, or a combination of both. 17, 18 Prior work on cold welding 8, 9, 15, [19] [20] [21] 6, 16, 22 of thin film organic electronics has been carried out by Cao et al. 3 Kim et al. 4 and Akande et al. 2 These studies have identified the role of interfacial impurities in the cold welding of gold-gold and gold-silver thin films that are relevant to OLEDs. They have also focused largely on the effects of stiff impurities on contacts induced by the application of pressure. However, it is quite possible for the moduli of interfacial impurities (silicon, silicon oxide and organic materials) to vary significantly. 23 The adhesion energies and layer dimensions may also affect the surface contacts and pull-off forces associated with the lift off stage of cold welding, which may be considered as an interfacial fracture process, as in recent work on the lamination of organic electronic structures.
3, [23] [24] [25] [26] Hence, in this paper, we present the results of a study of the pressure-associated contact and lift-off stages that are associated with the cold welding of Au, Ag and other organic layers used in OLED structures. The effects of impurity Young's moduli are elucidated, along with the role of layer thickness and interfacial adhesion energy. These are explored using finite element models. The paper is divided into five sections. Following the introduction, surface contact and pull-off theories are presented in Section II. The experimental methods are then described in Section III before discussing the results in Section IV. Salient conclusions arising from the study are presented in section V.
II. MODELING

A. Surface contact model
The deformation of a thin film around an interfacial impurity particle can be identified by the displacement of a cantilever beam (Figure 1(a) ). 22, [27] [28] [29] As the beam deflects, the cantilever beam (layer 2) makes contact with the adjacent layer (Layer 1), as shown in Figure 1(b) . This results in surface contact that increases with increasing pressure (Figure 1(c) ). The corresponding void length, S, also decreases with increasing pressure 16 ( Figure 1(c) ). Furthermore, the deformation of the sandwiched particle depends on the weight of the film, the pressure of the stamp and the combined (effective) Young's moduli of the particle and the film.
In an effort to model the contact between the two cold-welded layers, Zong et al. 30 have shown that the total energy, U s , stored in the film (due to the bending) is given by:
where a is the width of the film, E f is the Young's modulus, γ is the adhesion energy between the two cold-welded layers, I is the second moment of area of the beam, h is the height of the particle and L is the length of the beam. However, before bending, the dust particle (illustrated in Figure 1 ) can penetrate or indent the film or beam (layer 1), depending on the elastic nature of the dust particle (and that of the beam). Assuming that the dust particle is rigid, the dust particle can be idealized as a rigid indenter that penetrates the film or beam during the application of external pressure. Therefore, the Young's modulus in Equation (1) can be replaced by the effective or combined modulus, E eff , of the dust particle and film: 31, 32 
FIG. 1. Elastic deformation of a cold-welded film layer around a particle (a) the layer is in contact with the particle with zero pressure applied (b) small pressure is applied on the film layer (c) additional pressure applied on the film layer. The length, s, of the void decreases with increasing pressure. E d and E f represent the Young's moduli of the dust particle and film or beam, respectively. υ d and υ f also represent the Poisson's ratios of the dust particle and film or beam, respectively.
where E eff is equal to the combined modulus of the film (beam) and the dust particle, E d and E f represent the Young's modulus of the dust particle and the film, respectively, υ d and υ f represent the Poisson's ratio of the dust particle and the film (beam), respectively. Therefore, Equation (1) becomes (i.e. E f changes to E eff ):
Taking the derivative of Equation (4) with respect to s gives:
The minimum value of the total energy of the film occurs at a corresponding equilibrium (dU s /ds = 0) value of s. Hence,
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Defining the second moment of area as I =
where t is the thickness of the film. Equation (7) can be re-written as:
Similarly the contact length can also be written as a function of the applied pressure (the detailed derivation is presented in Appendix) as:
where L c is the contact length, P is the applied pressure, h eff is the effective height of the particle, and L is the length of the structure, as shown Figure 1 . The above analytical model (Equation (8)) presented here was verified using the experimental study of adhesion in cold-welded Au-Ag interfaces obtained by Akande et al. 2 The results obtained from the finite element simulations were also validated by the experimental results 2 and the predictions obtained from the analytical model (Equation (9)).
Hence, if the geometry and Young's modulus of the film are known, the interfacial adhesion energy between the cold-welded films can, therefore, be determined using force microscopy 33 or interfacial fracture mechanics methods, while the film Young's modulus can be obtained from nano-indentation. 23, 34 In the case of non-rigid particles, the applied pressure will also induce the deformation of the trapped particles, as shown schematically in Figures 2(a)-2(c) for stiff, semi-rigid and compliant particles, respectively. In such cases, finite element simulations were used to model the contacts and the deformation of the differential types of particles.
B. Computational modeling of surface contact
In an effort to further understand the surface contact during the pre-cold-welding process and interfacial fracture during lift-off process, several finite element simulations were carried out using the ABAQUS™ software package (Dassault Systèmes Simulia Corporation, Providence, RI). First, the effects of the sandwiched/trapped particles (on surface contact) were simulated. Axisymmetric models were developed for the pre-cold-welding of MEH-PPV onto PDMS substrates (Figure 2) . A four-node elemental mesh was used, similar to that in our prior work (Figure 3) .
2,3,16,22,35 Fine mesh were used near the particles and the contact surfaces, where the stress and displacement levels were higher. The bottom boundary of the substrate was also fixed to ensure stability during the simulations. A uniform pressure was applied to the top of the stamp to simulate the application of pressure during cold welding. All the materials were assumed to be isotropic. The models were used to simulate the deformation of the layers and particles, as well as the contacts between the layers.
C. Computational modeling of lift-off as a fracture process
The lift-off stage of the cold-welding was modeled as an interfacial fracture process. This involved the interfacial fracture between bi-material pairs with impurity nanoparticles trapped between layers. Nanoparticles with different elastic properties were assumed to be present between The energy release rate at the tips of the edge cracks at the interfaces between the cold-welded film and the substrate are given by: where E f = E f / 1 − ν 2 and E s = E s / 1 − ν 2 are the plane strain elastic moduli of the film and substrate, d t and d b are the lengths of top and bottom interfacial cracks, t f and t s are the thicknesses of the film and substrate, respectively, and σ is the lift-off stress.
The simulation of interfacial fracture (during the lift-off stage of the cold-welding process) was carried out using the ABAQUS™ software package (Dassault Systèmes Simulia Corporation, Providence, RI, USA). The interfacial energy release rates at the tips of the edge cracks along stamp/MEH-PPV (top) and MEH-PPV/substrate (bottom) interfaces were computed as J-integrals. Four-node elemental meshes were used. A uniform lift-off pressure was applied to the stamp, while the bottom surface was fixed, as shown in Figure 4 . The material properties that were used in the simulations are summarized in Table I . These were obtained largely from the work by Du et al. 16 and Akande et al.
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III. RESULTS AND DISCUSSION
A. Analytical model and verification
TEM images of cold-welded Au-Ag interfaces obtained by Akande et al.
2 were used to analyze and estimate the void lengths in the vicinity of carbon dust particles. Carbon steel was the dust particle material that was used to verify the current analytical model since the work reported by Akande et al.
2 attributed the presence of carbon steel 2 as one of the dust particle at the cold-welded Au-Ag interfaces.
The void length observed from the theoretical model was compared with quantitative estimates in the presence of carbon steel dust particle between the Ag and Au surfaces observed from Akande et al. 
B. Deformation and contact around trapped particles
Unlike prior work by Akande et al., 2 Kim et al. 19 and Cao et al., 23 in which the trapped particles were assumed to be rigid, the finite element simulations that were performed in the current work considered the elastic deformation of stiff, semi-rigid and compliant dust particles (i.e. aluminum, plain carbon steel and low density polyethylene, respectively) with Young's moduli of ∼70 GPa, 205 GPa and 0.2 GPa, 2,16 respectively. In the case of the rigid particles, the contact lengths predicted by the analytical models are presented in Figure 6 (a). The predictions obtained from finite element simulations (that included the actual deformation of the trapped dust particles) are presented in Figure 6 (b).
In both cases, the percentage of contact area increased with increasing applied pressure. However, the contact area was lower in the case of the stiffer layers e.g. Aluminum, as expected from prior work that showed that stiffer layers result in reduced contact lengths, for the same applied pressure 2, 16, 28 In any case, increased pressure resulted in increased contact area, and the percentage of contact approached a plateau, as the pressure was increased, for each bi-material pair (Figure 6 (a) and 6(b)).
The contact lengths also increased with increasing particle compliance, due to the increasing deformation of the particles, which resulted ultimately in improved film/surface contact. The modeling of particle deformation is, therefore, important for the modeling of contacts with compliant or trapped nanoparticles. These can give rise to larger open voids, in the case of more rigid particles, or closed elongated voids in the case of more rigid particles, or closed elongated voids in the case of compliant trapped particles. These two types of defects can affect the subsequent lift-off stage of cold welding, when the direction of the loading is reversed. Further details on the pull-off process are presented in the next section. 
C. Modeling of pull-off as a fracture process
The energy release rates associated with the pull-off stage of cold welding are presented in Figures 7(a)-7(c) , for lift-off around compliant nanoparticles (Figure 7(a) ), semi-rigid nanoparticles (Figure 7(b) ) and rigid nanoparticles (Figure 7(c) ). The rigidity of the nanoparticles did not have a significant effect on the energy release rates that were computed for the top edge cracks (Figure 7(a) ), bottom edge crack (Figure 7(b) ) and the cracks created by the particles (Figure 7(c) ). Hence, in all cases, the trends in the computed energy release rates were similar.
In order to understand the implications of the computed energy release rates, it is important to compare the computed results with prior measurements of adhesion energies that were obtained for the relevant bi-material pairs in prior work. 2, 27, 33, [43] [44] [45] Prior measurements of adhesion energies are presented Table II and Figure 8 . These show that the computed energy release rates (Figure 8 ) can exceed the measured adhesion energies (Figure 7 ) obtained in the interfaces that are present in OLED structures.
However, since the crack driving forces are strongly dependent on crack length, initial crack growth for small cracks is more likely to occur along the top edge crack than the bottom (Figure 7) . Also, a gradual transition to interfacial crack growth is likely to occur, as the bottom crack length increases beyond ∼5 µm (Figure 7) . Finally, the voids associated with partial contact around impurities are more likely to induce crack growth, as the bottom crack length increases beyond ∼10 µm ( Figure 7 ). It is important to note that as the crack extends by a kink at the interface, it smoothly follows the interfacial paths of small kink angles for which mode mixities vanishes at all times.
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D. Dependence of interfacial energy on void or particle height
The dependence of the energy release rate on the initial void length, S, is presented in Figure 9 . The results show that the energy release rates decrease with increasing void length. Also, since the void length increases the crack driving forces, increased void lengths are likely to result in higher crack driving forces that are more likely to exceed the interfacial fracture energies (Figure 8 and Table II) . Hence, larger voids and partial contacts are more likely to result in favorable conditions for lift-off during cold welding.
E. Implications
The implications of the above results are quite significant for cold welding processes. First, they suggest that cold welding process can be idealized as a two stage process in which the first stage involves evolving contacts with adhesion, while the second stage involves interfacial fracture processes. Since the crack driving forces vary with changes in crack lengths, the initially favored cracks may not be the ones that propagate ultimately to failure.
Furthermore, the conditions for layer cracking may become lower than those required for interfacial cracking in some scenarios. [51] [52] [53] [54] In such cases, the cracks may kink in-and-out of interfaces, depending on the prevailing crack driving forces and mode mixities. 25, 52, 55, 56 Such kinking may also FIG. 9. Effect of dust particle moduli on void length and interfacial energy release rate.
be favored when the microscopic fracture mechanisms (in the layers) favor micro-void coalescence, as shown in prior work by Rahbar et al.
57
In any case, the current work shows that contact, during cold welding, is enhanced by compliant stamps and impurities, applied pressure, and increased adhesion energies. However, increased contact also makes it more difficult for lift-off to occur. Hence, a balance is needed between improved surface contact (for improved charge and light transport 58 ) and lift-off for interfacial separation of the stamp from the cold welded structure. This can be facilitated by the use of a layer with low adhesion energy between the stamp and the cold welded layer. 59 Further work is clearly needed to develop process design maps for the design of such low adhesion layers during the contact and lift-off stages of cold welding.
IV. SUMMARY AND CONCLUDING REMARKS
This paper presents the results of a combined analytical and computational study of the contact and lift-off stages associated with the cold welding of Au and Ag thin films. The study shows that the surface contacts improve with increased pressure, reduced film thickness and reduced interfacial nanoparticle stiffness. However, improved contacts result in higher lift-off forces for interfacial separation during the pattern transfer stage of cold welding. Increased pressure may also lead to sink-in of dust particles, which may lead to device damage. An intermediate pressure range is, therefore, needed for the effective cold welding of Au-Au and Au-Ag layers. Also, the analytical model shows that the void length is dependent on the effective modulus and height of the dust particle. The range void sizes observed is similar to the ranges observed in prior experiments on Au-Au 22 and Au-Ag 2 films.
Since L c = L − s, the total energy in Equation (1) can now be written as:
Differentiating Equation (A2) with respect to s gives:
The length of the void can be calculated from Equation (A3) at the equilibrium, dU s /ds = 0. This is given by
Defining the second moment of area as I = at 3 /12, Equation (A4) can be written as:
Hence,
Introducing the effective modulus and changing h to h eff gives:
